Aims Vitamin C (ascorbic acid) is a powerful antioxidant but there is limited information on its ability to prevent LDL oxidation and its interaction with other natural antioxidants in vivo. We assessed the effect of 4 weeks pharmacological supplementation with vitamin C 1 g day −1 on copper induced LDL oxidation and lipid peroxidation. Methods Blood samples were obtained at baseline and at the end of 4 weeks supplementation from 11 healthy non-smokers and also from nine control subjects. Plasma lipid peroxides were measured as malondialdehyde (MDA) by h.p.l.c. The relationship between vitamin C and two other important antioxidants, vitamin E and glutathione, was also studied.
Introduction supplementation and the interaction between vitamin C and other natural antioxidants. Elevated low-density lipoprotein (LDL) is an important risk factor for atherosclerosis [1] . Increasing data support the hypothesis that oxidative modification of LDL leads to its Methods uptake by monocytes, macrophages and smooth muscle cells Twenty healthy non-smoking volunteers (14 female, 6 male) beneath the arterial endothelium resulting in excess cholesaged 23-53 years who maintained their regular diet without terol ester accumulation in these cells, known as foam cells, vitamin supplementation or medication were studied. the initial lesion of atherosclerosis [2] .
Vitamin C 500 mg (Roche Ltd, UK) was given twice Antioxidants may protect LDL against the oxidative daily to 11 subjects (eight female, three male) for 4 weeks process. In man, oral supplementation of vitamin E and and the remaining subjects acted as a control group. probucol, as well as combinations of antioxidant micronutriFollowing a 12 h overnight fast, blood sample was taken ents such as vitamin C, vitamin E and b-carotene, can from each subject for assessment of the oxidizability of LDL. significantly inhibit LDL oxidation in vitro [3] .
Blood samples were also taken for the measurement of Vitamin E functions as the major antioxidant in lipoplasma lipid peroxides, ascorbic acid, a-tocopherol, reduced proteins and cell membranes preventing lipid peroxidation glutathione in red cell, a-tocopherol in red cell and LDL, by its chain-breaking property [4, 5] . Vitamin C (ascorbic and lipid profile. The study was approved by the hospital acid) is a powerful reducing agent and its levels in blood are Ethics Committee. inversely related to the incidence of atherosclerostic cardiovascular disease [6] . Vitamin C protects LDL against oxidation and regenerates vitamin E in LDL and cell
Low density lipoprotein isolation membranes in vitro [7] [8] [9] . However, studies of such a LDL (density 1.019-1.063 g ml −1 ) was isolated from plasma pharmacologic effect of vitamin C in man have been limited. by gradient ultracentrifugation [10] . The LDL samples were We, therefore, investigated copper induced oxidation of desalted using gel filtration and the concentrations of lipoprotein were measured [11] and adjusted to 0.1 mg ml with phosphate-buffered saline ( pH 7.4).
Plasma lipid and lipoprotein profile LDL oxidation
Copper sulphate (7 mmol l −1 ) initiated LDL oxidation was An enzymatic method was used to measure lipid and lipoprotein. carried out at 37°C for 4 h. The amount of lipid peroxide formed in oxidized LDL was determined as thiobarbituric acid reactive substances (TBARS) at the end of every hour Statistical analysis [12] and expressed as malondialdehyde (MDA) using Data were analysed by using paired Student's t-test and 1,1,3,3-tetramethoxypropane (TEP) as standard. The prolinear regression analysis. In all comparisons, two-tailed duction of conjugated dienes was assessed by measuring the P<0.05 was considered significant. Results are expressed as absorbance at 3 min intervals at 234 nm with a continuous means and 95% confidence intervals. monitoring spectrophotometer (Unicam 8300) and expressed as lag phase. The lag phase was determined as minutes before the polyunsaturated fatty acids contained in LDL Results begin to be oxidized at a maximum rate as described by
In the vitamin C supplemented group, no subject experiEsterbauer [13] .
enced any adverse effect. There were significant increases in plasma ascorbic acid, red cell GSH and red cell a-tocopherol High-performance liquid chromatography ( HPLC) after 4 weeks treatment compared with baseline (Table 1) . instrumentation
No such changes were observed in the control group. a-tocopherol concentrations in plasma and LDL did not A h.p.l.c. pump fitted with a spectrophotometric detector, alter significantly in either group. a microcomputerized data processor (Shimadzu, Japan) and
The susceptibility of LDL, assessed either as lag phase of a C-18 column was employed to measure vitamin E as conjugated dienes production (Table 1) or TBARS formaa-tocopherol in plasma, red cell and LDL and lipid peroxides tion (Figure 1 ) to copper induced oxidation remained in plasma as MDA [14, 15] . Plasma a-tocopherol concenunchanged in both groups. However, plasma lipid peroxides trations were standardized to plasma total cholesterol values. measured as MDA by h.p.l.c. were reduced significantly in the vitamin C supplemented group (P<0.01).
Ascorbic acid
The plasma lipid and lipoprotein levels were within the normal range in both groups at baseline and the end of study. Plasma ascorbic acid concentrations were measured spectrophotometrically [16] after derivatization with 2,4-dinitrophenylhydrazine.
Discussion
Vitamin C protects lipids from oxidative damage by Red cell glutathione (GSH ) effectively scavenging lipid peroxides-oxidation initiating radicals [19, 20] . However, as a water soluble vitamin, GSH was measured using 5,5∞-dithio-bis(2-nitrobenzoic acid) based on the method described by Beutler [17] .
ascorbate is not present in lipoproteins therefore the major that supplementation of vitamin C resulted in a significant increase in red cell a-tocopherol which may reflect a strengthened protection against free radical initiated oxidative damage. Glutathione acts as a substrate for the hydroperoxidereducing enzyme glutathione peroxidase to react directly with singlet oxygen, hydroxyl and superoxide radicals thus protecting cells from such free radical damage [24] . In our study the red cell reduced glutathione (GSH) levels were significantly increased after vitamin C supplementation, which is in agreement with the study of Johnston [25] . This also further supports the hypothesis that ascorbate may spare glutathione by minimizing the GSH-dependent reduction of dehydroascorbate to ascorbate and by providing an alternative cellular reducing agent [26] .
The results of our study differ from the recent findings of Fuller et al.
[27] that vitamin C, 1 g daily for 4 weeks, increased resistance of LDL to copper induced oxidation in smokers who had been first put on a low vitamin C diet for 2 weeks. Cigarette smokers have low natural antioxidant levels and increased free radical activity and vitamin C levels decreased by a quarter on the diet, indicating a further reduced free radical scavenging and possibly an increased production of oxidatively degraded lipids, such as preformed hydroperoxides, in LDL. Pre-formed lipid hydroperoxides may act as pro-oxidant to initiate auto-oxidation and may also significantly accelerate copper ion-dependent LDL oxidation [28] . Hence their baseline values of oxidizability of such LDL samples were produced under artificial circumstances which greatly favoured oxidative modification to LDL. It is likely, as the authors point out, that supplementation of vitamin C in this setting most likely produced a significant reduction in pre-formed hydroper- protection from oxidation.
A number of antioxidants have been shown to protect antioxidants protecting LDL against oxidation are lipidsoluble, such as a-tocopherol [21] . In the present study, animals from atherosclerostis. However, the potential side effects of some chemicals may limit their therapeutic value in after supplementation with a high dose vitamin C for 4 weeks, the susceptibility of LDL to copper promoted humans. Dietary antioxidant micronutrients may provide an alternative and widely applicable approach in the prevention oxidation was not altered, probably because it does not enter LDL.
of free radical mediated tissue damage. In our study, although supplementation of vitamin C did not elevate the resistance Total circulating lipid peroxides measured as TBARS and expressed as MDA has been widely used as an indirect of LDL to in vitro oxidation, it appears to favour a strengthened antioxidant system by increasing vitamin E and glutathione indicator of free radical activity in various biological samples. The modified h.p.l.c. method had enhanced the specificity in cell membranes. It may also reduce free radical activity in the aqueous phase such as plasma. Free radical diffusion from of this assay [22] . Our results show that plasma MDA level was greatly reduced after vitamin C supplementation plasma to lipoprotein and to the cell membrane may consequently be decreased and free radical-induced lipid probably due to a relatively large amount of free radical being scavenged by high plasma ascorbate concentrations peroxidation may also be inhibited. suggesting that as an antioxidant, vitamin C appears to be more effective in the aqueous phase.
